Abstract-Electrocardiogram (ECG) plays a crucial role in the prevention of cardiovascular diseases in humans and various types of ECG monitoring equipment are continuously being developed. Most monitoring methods place the electrodes near the heart or on both arms, based on standard ECG leads. Although accurate monitoring effect has been achieved by these conventional approaches, the wearable performance still need to be improved. This paper proposed a novel ECG-enhanced multi-sensor solution for wearable sports devices. A wireless and wearable ECG detection system based on signal acquisition from left upper-arm was designed to verify this solution method. The system has been evaluated with solid experiments proving that the system has outperformed existing similar system. Moreover, the inertial measurement unit (IMU) and electromyography (EMG) data were detected and fused by the system to determine the validity of the ECG signal. It indicated that the system can achieve a good performance of heart rate detection under different body states.
I. INTRODUCTION
As one of the earliest bioelectrical signs, the ECG plays an important role in medical field after for more than hundreds of years. It records the changes in the bioelectricity of the heart during each cardiac cycle, from the pacemaker point to the atrium and the ventricular euphoria. Compared with other bioelectrical signals, ECG signal has more obvious morphological features [1] . It consists of a series of characteristic waveforms, which are named in order: P, Q, R, S, T ad U waves [2] - [4] . Morphological features of heart activities recorded by those characteristic waveforms can effectively reflect the signs of numerous cardiovascular diseases, such as coronary heart disease, rheumatic heart disease, congenital heart disease, atrial fibrillation, and stroke [5] - [7] .
The importance of ECG in disease prevention and treatment promotes the further development of ECG monitoring methods and signal acquisition methods. From the earliest collection around heart to the current commonly used 12-lead, acquisition methods of ECG have formed a complete set of theoretical and practical systems [8] . In recent years, many studies have further expanded the ECG monitoring methods and wearing methods, in order to meet the requirement of long-term continuous monitoring [9] . For instance, GTWM from Georgia Institute of Sensors [10] , the LifeGuard from Mundt et al [11] , and waist-belt designed by Seung-chul Shin et al [12] and T-shirt with 12-lead fabric electrodes from Haoshi Zhang [13] have greatly enriched the types of existing ECG detection systems. However, the vast majority of methods to place electrodes are to attach the electrode patch on the chest or both sides of the limb, which limit the user's ability to move freely. These methods are not conducive to long-term wear for monitoring before and after exercise.
Recently, many single-armed heart rate monitoring methods using near-infrared and pulse have emerged. It solved shortcomings such as lack of convenience of the conventional equipment and inability to continuously monitor for a long time. However, without the basis of biological electricity, these methods cannot achieve high accurate. Moreover, these methods can only detect the heart rate but not directly detect ECG signal, which leads to their powerlessness for analyzing and early warning of heart diseases.
Therefore, all methods mentioned above have their own deficiencies. Traditional methods of measuring electrical signals using electrocardiography have disadvantages of portability and wearability. Besides, the use of pulse rate to detect heart rate cannot achieve the effect of physiological electrical signals. Thus, the method to take both ECG signal quality and long-term detection capability into account will be of great significance to use ECG as a warning signal for major diseases, and be largely conducive to promoting the widespread application of ECG detection, especially like sports.
Based on this, this paper proposes an ECG-enhanced multisensor solution for wearable sports devices. We demonstrated the feasibility of the detection method compared with a specific ECG detection system. Moreover, a EMG acquisition channel attached to the biceps detects the potential disturbance from EMG. Considering motion artifacts raised by movement of arm, the IMU in the system will detect this inevitable interference. These biological artifacts are difficult to avoid [14] . Therefore, we finally proposed an algorithm to use EMG and IMU information to determine the retention and rejection of ECG and finally a good performance of heart rate detection under different body states.
II. SYSTEM ARCHITECTURE A. System design and data pre-processing
Due to the discovery of the ECG signal collected on the left upper-limb, we designed a system that can simultane- Based on the system architecture above, we develop a qualified device and designed a wearable structure for it. As Fig.2 shows, there are two galvanized copper electrodes for EMG and another electrode for voltage reference under the storage shell. These electrodes will fit snugly against the skin around biceps area by the flexible binding of the Velcro on both sides of the storage shell. While the ECG electrodes use wet electrodes, whose positive one is attached to the deltoid muscle and negative one is attached to the junction of the deltoid muscle and the biceps. In order to ensure the compactness of the system, the device is divided into upper and lower PCB boards, which are connected by 2*4P pins with other middle empty area used for battery. Based on the small size of the hardware, the maximum area size in the entire system does not exceed 40mm*28mm*20mm. This helps ensure the safety of the wearable system and minimizes the instability caused by the lack of system compactness.
B. Verification of ECG
Because of the unconventional ECG acquisition method used in the ECG acquisition method in this paper, we conducted experimental demonstration of the correctness of this ECG signal. This paper used a commercial device named HeartWatchDog (website:http://www.heart-watchdog.com/). It uses the first standard lead to capture the ECG as a reference. As Fig.3 shows, the subject both wore the Heart-WatchDog and our system, and then remained static for 10 seconds. The raw data collected by the two devices is shown in Fig.4 , from which we can find the R wave of this device coincides with the Heart-WatchDog signal. In addition, the signal amplitude spectrum of these two kinds of data ( Fig.? ? b) also shows that the frequency distribution of ECG collected by our system is very similar to standard signal. As (Fig.?? c) shows, the ECG signal from this system possesses the five basic waveforms of standard ECG. In particular, the amplitude and sequence characteristics of Q,R,S,T waves are in line with the characteristics of standard ECG. Therefore, the above experiments and analysis have effectively proved that the signal acquired by the device from the left upper-arm is the ECG signal in terms of the time domain distribution of the main frequency component and the distribution of the frequency components. Fig. 3 . Physical wear diagram for the verification experiment. The Heart Watch Dog device was worn on the left and right wrists of the subject, while our system was worn on the left upper arm.
(a) (b) (c) Fig. 4 . a) ECG signal from Heart-WatchDog device and system in this paper and their signal amplitude spectrum. b) The sampling frequency of HeartWatchDog is 500Hz while ours is 1000 Hz. We have re-sampled our ECG data by 500 Hz and manually aligned the first R peaks for convenient comparison. c) A typical signal from system in this paper with P,Q,R,S,T wave.
III. EXPERIMENTS AND EVALUATION
According to the feasibility and correctness of ECG monitoring in this device, we developed a heart rate solution algorithm based on this design. In addition, in view of the convenience of such a wearable system, we compared the data under various physical conditions, and attempted to achieve heart rate monitoring under compound status by combining multiple sensor information. As Fig.5 shows, EMG and IMU information is considered as the switch signal to identify the reliability of ECG data. If the potential interference caused by EMG from biceps or the motion artifacts characterized by IMU data cause a significant noise, the ECG signal during this period will be considered unreliable and the system will skip the heart rate solution. 
A. Physical state classification
Based on the amplitude of arm swings and the degree of tension in the biceps muscles, we have selected five actions that are commonly used in practice as representatives. As Fig.6 shows, the physical states can be classified as a1) stay relaxed(SR), b1) slight shaking(SS), c1) dramatic shaking(DS), d1) arm stays tight(AST), e1) walking(WK). For each type of state, we individually collected raw data for 10 seconds and the results corresponding to the above categories are shown in a2)˜e2). The evaluations of ECG, EMG and IMU signal characteristics are listed in Table. I.
• a) When subject stayed relaxed, the signal to noise ratio of ECG was pretty good. • b) Although there appeared some noise signal when subject slight shook, the R wave of ECG was still clearly visible, so this states was also considered as reliable for heart-rating solution.
• c) When subject dramatic shook, the noise caused by the motion artifacts completely covered the normal ECG signal, which could be inferred from the drastic change of the Z-axis angular accelerometer.
• d) Though the Z-axis angular acceleration when subject's arm stayed tight was even less than situation of slight shaking, the strong EMG from biceps muscles caused serious interference to ECG signal. • e) When subject was walking, his upper-arm actually stayed in a complex situation. There were some noise both from motion artifacts and EMG interference.
B. Heart Rate solution in relaxed state
Among the many characteristics of ECG, the delineation of R-peak can be used as an important judgment basis for cardiovascular-related diseases [15] - [18] . According to the study of Tian Xuelong et al [19] , using wavelet transform to detect R-wave can achieve efficient and accurate results. In Fig. 6 . A preliminary classification of the limb states. The top row shows the physical display of the action, and the bottom row shows the ECG, EMG, and IMU data collected under this action. For ease of data analysis, the IMU data has been re-sampled to 1000 Hz. Because the sampling frequency of ECG and EMG is an integral multiple of IMU, it has no effect on the actual analysis. this paper, we refer to their methods and add frequency and amplitude checks to solve the over-examination problems in practical applications. As shown in Fig.7 , when the occurrence frequency of latest R point is more than 1/3 of average frequency of previous 2 points or its amplitude is less than 1/2 of average amplitude of previous 2 points, this point will be discarded. With the correct R points identified, we use each of the 5 consecutive R-peaks to calculate instantaneous heart rate, as in:
Rpoints[i] means position of the R-wave that appears at the i-th time, and HeartRate[i] is the instantaneous heart rate corresponding to this moment, whose unit has been changed to times per minute. As Fig.8 shows, the detection algorithm for the ECG at state of staying relaxed has a pretty effective R-peak positioning effect. After several tests for high signalto-noise ratio ECG signals, the algorithm can maintain the effect of no missed detection and few over-detections. 
C. Heart rate solution in compound state
When various arm states occur alternately, the algorithm above cannot be directly used to detect the R peak. In the process of heart rate calculation, there will be many screening and reselection links that need to refer to the frequency and amplitude of R peaks determined before. If R peaks are resolved in unreliable ECG data, it will lead to unreliable reference for subsequent screening and reselection. These errors will continue to be passed down and even amplified, and the subsequent calculated R peak will also be wrong. Therefore, the timely determination of the reliability of ECG data is essential to maintain the correctness of the R-peak solution. As Fig.9 shows, we consider EMG and IMU signal as the reference whether ECG signal is quality. In this paper, the quantity of data that exceeds an absolute threshold in each cycle is used as the judgment basis. In this paper, we set both the value of EMGThreshold and IMUThreshold as 100 number per second.
The EMG judgment basis EMGJudgeN is defined as in: Fig. 9 . Flow chart of heart electrolysis algorithm using IMU and EMG as switching signals.
EM GJudgeN
The IMU judgment basis IMUJudgeN is defined as in:
The IMU square sum IMUSS is defined as in:
The symbolic function sgn is defined as in:
In the above equations, n means the last point of the sliding window; m means next point of the last point of previous overlap; EMGThres means the selected specific amplitude of EMG, 0.1 mV in this paper; IMUThres means the selected specific value of IMUSS, 1 in this paper.
We collected data that alternated between various limb states for 2 minutes and 30 seconds to test the algorithm in Fig.9 . As Fig.10 shows, Each state is maintained for 30s, and the rest state is sequentially interleaved with the remaining four states. We choose 2600 dots as the width of sliding window and 650 dots as overlap. Based on Equ.2 and Equ.3, for each 1950 points, we counted the numbers of EMG over 0.1 mV and IMUSS bigger than 1. When these numbers are over EMGThreshold or IMUThreshold, their result that considered as switch for the R peaks detection algorithm will be set as 1,or it will be 0. As Fig.11 c) shows, both EMG switch and IMU switch form the absis of judgement and finally the result of their AND operation acts as the total switch. The Fig.12 shows the result of R-peak detection and heart rate solution in compound states. It can be found that when the subject is about to enter state of DS, AST or WK, the R-wave detection algorithm is turned off in time. When the subject's state leaves these states and enters state of SR or SS, the Rwave detection algorithm is turned on in time. Although there are some error detections at the boundary of the state transfer, the overall R-peak detection results are pretty accurate, and the heart rate calculations are acceptable to some extent. Fig. 12 . Experimental test results. Brown line means the value of heart rate, which will be -1 if algorithmic considers this part ECG signal is not reliable.
IV. CONCLUSION
In this paper, we proposed an ECG-enhanced multi-sensor solution for wearable sports devices, and designed a small wearable system that could be used to collect ECG, EMG, and IMU information. Compared with professional commercial equipment, the correctness of the ECG signal collected by the system in this paper were verified. Compared with other electrocardiographic acquisition systems, the smaller limit of limb movement and convenience of wearing of our system promoted our study on ECG detection under long-term compound limb states. The wavelet transform helped us to achieve the R-peak detection and heart rate solution in the static state. The artifacts and the EMG from biceps interfered with the ECG signal in several common limb states. By using the EMG and IMU signals as the basis for judging the quality of the ECG signal, we have achieved R-peak detection and heart rate resolution for longer periods of time and complex limb states.
However, the position of the positive and negative electrodes on the arm has not yet found a good theoretical support, which needs to be further combined with medical theory to give a reasonable time. On the other hand, in the case of slight shaking, the effect of R-wave detection is discounted. We hope to further integrate EMG and IMU information to directly improve the effectiveness of R-wave detection and add more effective states and application scenarios.
We believe that this detection method is expected to be applied in the field of disease rehabilitation and physical enhancement in the future. From the on-going warning of heart disease to the feedback of cardiovascular disease during the recovery period and the continuous detection during exercise, the ease of use and monitoring accuracy in these potential application scenarios will be well balanced.
